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been made in photovoltaic efficiencies by introduction of bulky peripheral substituents to help suppress macrocycle aggregation. To reach benchmark efficiencies reported for other related dyes, new designs need to be explored. Single carboxy-ZnPc regioisomers substituted at the non-peripheral positions by rigid aryl groups have now been studied, which has shed light on the influence of steric hindrance and/or orientation of the substituent around the anchoring group on the photovoltaic response. The regioisomer bearing the aryl group far away from the anchoring group produces a more effective sensitization of the TiO2 films and higher shortcircuit photocurrent density (Jsc). Taking advantage of the good photovoltaic performance in the near-IR region of this ZnPc, it was combined with another appropriate dye for panchromatic sensitization of the mesoporous photoelectrode and an increase of the overall device efficiency.
In the last 15 years, the field of porphyrin and phthalocyanine (Pc)-sensitized solar cells (DSSCs) has experienced an exponential growth, and high efficiencies over 13^% have been reached based on a rational molecular design. [1,^2] In the case of Pcs, the basic structural requirements, such as incorporation of peripheral bulky donor substituents, have been established to both minimize aggregation of the dye on the TiO2 surface and achieve a directional excited state to facilitate efficient injection of electrons onto the semiconductor.
Moreover, the stability of Pcs as photosensitizers in DSSCs is much higher than that of porphyrin<?><?>ok?NO<?><?> analogues. [2] 3
The lack of planarity exhibited by non-peripheral (or α) substituted Pcs is responsible for their reduced aggregation properties. [3] However, this family of Pcs has not been sufficiently explored as non-aggregated dyes in Pc-DSSCs, most probably because of the discouraging results reported up to now. From the first example, PCH003, [4] described by Giribabu et^^al. in 2007, which had a 1.1^% overall photovoltaic power-conversion efficiency (PCE), to the most recent molecules, PcS5 [5] and Zn-Thio-Pc, [6] with efficiencies of 2.1^% and 0.4^% respectively, results are far from the records achieved by peripheral (or β)
substituted Pc derivatives. We have considered that this different performance between α and β substituted Pcs could be originated by the steric hindrance produced by the bulky substituents around the anchoring group. Indeed,<?><?>ok?NO<?><?> Kimura et^^al.
previously reported the effect of bulkiness of peripheral (or β) substituents around the carboxy group on Pc-DSSCs.
[2e] If bulky groups are pointing towards the TiO2 surface, the anchoring of the dye to the semiconducting surface might be difficult, therefore causing a decreasing amount of dye anchored and, consequently, resulting low power conversion efficiency.
Recently, we reported nonaggregated carboxy-ZnPc 1, with potential application in DSSCs, having bulky and rigid aryl substituents, namely 3,5-di-tert-butylphenyl, directly linked to three of the nonperipheral (or α) positions of the macrocycle. [7] Furthermore, following previous examples of efficient carboxy-ZnPc dyes, a carboxylic acid moiety, which is required to graft the dye to the semiconducting TiO2, was directly attached at the Pc core, specifically at a peripheral (or β) position.
Tetrasubstituted unsymmetrical A3B-type Pcs are formed in a cyclotetramerization reaction as a mixture of eight regioisomers presenting different symmetries. However, in the case of ZnPc 1, the bulkiness and rigidity of the 3,5-di-tert-butylphenyl substituents led us to achieve the regioselective formation of only four macrocycles, ZnPcs 1^a--d, in which two aryl bulky substituents cannot be found pointing towards the same Pc corner, to avoid steric hindrance. Moreover, the appropriate balance between both the rigidity and bulkiness of the α-aryl substituents and the polarity of the β-carboxylic acid function resulted in the isolation of regioisomers 1^a and 1^b by standard column chromatography. Regioisomers 1^c and Concerning the least planar macrocycle ZnPc 1, regioisomers 1^c and 1^d have both 3,5-di-tert-butylphenyl groups located at 8 and 25 positions of the macrocycle, therefore, two rigid and bulky groups are pointing towards the COOH anchoring group. In regioisomer 1^b, the bulky substituents are oriented in a clockwise direction, being the 25 position of the Pc macrocycle occupied whereas the 8 position is free. Therefore, there is only one bulky substituent close to the carboxy group. Finally, regioisomer 1^a presents the bulky groups oriented in an anti-clockwise direction, being the 8 position of the macrocycle occupied when, in fact, the 25 position remains free. Hence, it is expected that the lowest steric hindrance around the carboxy group be in the regioisomer 1^a since there is no substituent at 25 position, the closest to the anchoring group.
With regard to the regioisomeric mixture of ZnPc 2, being a β-substituted macrocycle, the 8 and 25 <ga> positions are always free. In this way, none of the regioisomers has the rigid and bulky groups pointing directly towards the TiO2 surface, therefore, steric hindrance should not be the main issue for their photovoltaic response. However, this molecule presents a higher degree of planarity than α-substituted ZnPc 1, and may form dye aggregates onto the TiO2 surface. This efficiency value is in consonance with the low adsorption density of these two regioisomers owing to the fact that they both present rigid and bulky groups around the anchoring carboxy group. The maximum IPCE value was 11^% at 700^^nm. Finally, the regioisomeric mixture ZnPc 1 cell presents a Voc of 523^^mV, a FF of 0.72, yielding a PCE of 2.8^%, almost 1^% less than that of the 1^a cell. The maximum IPCE value at 700^^nm was a 15^% less than that achieved by the 1^a device at the same wavelength.
As previously established, the non-peripheral (or α) substituted Pcs are the least planar family in such macrocycles, and therefore they exhibit reduced aggregation properties. That is evidenced by the results of the Table^^2<tabr2> where efficiency values of devices, either prepared with the coadsorption of chenodeoxycholic acid (CDCA) or without any coadsorbent, are compared. It is widely known that the coadsorption of CDCA can hinder the formation of dye aggregates and improve electron injection yield, and thus Jsc. This can also lead to a rise in photovoltage, which is attributed to the decrease of charge recombination.
Nevertheless, in the present case none of this happens. The photovoltaic performance of pure regioisomer 1^a and the mixture ZnPc 1 in the presence of CDCA decreases in comparison with the absence of it. This is related not only to the lack of molecular aggregates onto the TiO2 surface but also to a loss of dye loaded.
Nonetheless, in consonance with the photovoltaic performance of the β-substituted ZnPc 2 in Table^^3<tabr3>, the presence of CDCA causes an enhancement in the device efficiency. Coadsorption of CDCA prevents dye aggregation, which enables intermolecular energy transfer and sequentially results in the excited-state quenching of the dye. As a result, the reduction of dye loaded onto the TiO2 surface in the presence of CDCA causes more efficient electron injection from the excited dye to the TiO2 conduction band, and thus in Jsc.
These results agree with those predicted, since β-substituted ZnPc 2 is a more planar macrocycle than that of α-substituted ZnPc 1.
Taking advantage of the best photovoltaic performance of regioisomer 1^a in the near-IR region, we decided to use it in combination with an appropriate dye to achieve panchromatic sensitization of the mesoporous photoelectrode and increase the device efficiency. Nevertheless, mixing two dyes usually results in a decrease of efficiency, which is probably due to the decreased injection efficiency caused by molecular interactions between the two dyes. Hence, prevention of electronic interactions between the dyes on the 8 semiconductor surface is important for the development of efficient cocktail-type DSSCs. For this reason, there are few cases reported so far in the literature in which molecular cosensitization using phthalocyanines resulted in higher efficiency values than those of singledye devices. [2a,^8] In our case, the secondary dye chosen to complement the absorption spectrum of 1^a in the UV/Vis region is the previously reported organic dye D35 based on triphenylamine moiety (Supporting Information, Figure^^S8) . [9] In particular, D35 exhibits an efficiency value of 5.07^% with a redox couple I <M-> /I3 <M-> as electrolyte, which indicates that the combination of regioisomer 1^a and D35 resulted in higher efficiency value than that of the DSSCs using each dye separately (Table^^2<xtabr2>). Specifically, the photovoltaic performance of the cocktail-type 1^a/D35 cell showed 56^% increase in the Jsc value compared to that of the 1^a cell. Furthermore, the Voc value of the cocktail-type cell was slightly increased. The IPCE spectrum (Figure^^5<figr5>) This result proves that α-substituted carboxy-ZnPcs are suitable non-aggregated dyes, which are not sufficiently explored yet in DSSCs. However, in this family of α-substituted Pcs, the main issue to control is the orientation of the bulky and rigid substituent around the anchoring group, which is remarkably different in each regioisomer 1^a, 1^b and 1^c/d. It has been demonstrated a clear negative steric influence of the 3,5-di-tert-butylphenyl substituents around the carboxy group in the case of regioisomers 1^b and 1^c/d, making difficult the anchoring to the TiO2, which causes a low loading of dye and Jsc value.
In conclusion, we have demonstrated for the first time the influence of the substituent orientation on the photovoltaic performance of β-carboxy-zinc phthalocyanines. The regioisomerically pure ZnPc 1^a has shown the best photovoltaic performance since it is a non-aggregated dye with a suitable substitution pattern of the bulky substituents around the anchoring group. In the same line, ZnPc 1^a has proven to be a good candidate for the development of efficient panchromatic cocktail-dyes for DSSCs.
Figure^^4 Incident photon-to-electron conversion efficiency of the photovoltaic devices sensitized with regiosiomers 1^a--d and ZnPc 1. [a]^^CDCA is added in the dye solution as co-adsorbent.
